Abstract -The SOS response is a cascade of consecutive reactions induced by cell DNA damage. The genes directly involved in these reactions are regulated by LexA, which binds to specific nucleotide sequences in their upstream regions. The presence of such a sequence in the regulatory gene region can be used as a criterion to identify the genes potentially involved in the SOS response. A study was made of the genes whose regulation is specific to particular taxa (Enterobacteriales, Pasteurellales, Vibrionales, Pseudomonadales, and Alteromonadales). Some of the genes identified have not been implicated in the SOS response as yet but have a conserved LexA-binding site in the regulatory region and perform a function probably associated with the cell response to DNA damage. These genes include mfd , whose product facilitates DNA repair when transcription is arrested because of DNA damage; VC0082 , coding for recombinase; and VP2449 , which is responsible for xenobiotic resistance. The composition and evolution of the LexA regulon in γ -proteobacteria are considered.
INTRODUCTION
The SOS response is a cascade of consecutive reactions induced by DNA damage [1] . Defais et al. [2] were the first to suggest such a system, and Radman et al. [3] verified and developed their hypothesis. The SOS response protects the cell from DNA damage by a severe chemical exposure, irradiation, high pressure [4] , or temperature. Several cell mechanisms are known to maintain the genome stability: recombination repair, mutagenic repair, excision repair, mismatch repair, and DNA photolyase repair [5] . The SOS response has been well studied in Escherichia coli , including both the regulatory mechanisms and the genes whose products are involved in repairing DNA lesions [6] .
Normally, LexA represses all SOS-response genes by binding to a specific sequence, known as an SOS box (consensus TACTGTATATATATACAGTA [7] ), in their 5'-noncoding regions. Genes of the SOS regulon vary in the distribution of LexA-binding sites and their affinity for LexA [8] . When DNA is damaged, RecA binds to its single-stranded regions and forms nucleoprotein filaments, being converted into an active form, RecA*. As a result of the RecA*-LexA interaction, LexA is proteolytically cleaved at Ala84-Gly85 and the SOS-response genes are derepressed.
When the consequences of damage are eliminated, the RecA* pool is reduced and the noncleaved LexA pool is restored. The RecA pool is decreased via LexA-dependent repression of rec A, allowing feedback.
The LexA regulon includes the genes responsible for break repair in the daughter and double DNA strands and recombination ( rec A); the genes for polymerases ( umu DC and din P), recombinases ( rec A and rec N), nucleases, helicase ( uvr D), and a cell division inhibitor ( sul A); and the genes involved in excision repair ( uvr AB) [6] . The single-stranded DNA-binding protein (Ssb) is among the first to be involved in the SOS response, binding to single-stranded DNA regions [9] . This binding is necessary for subsequent replication, since Ssb is a component of the DNA polymerase complex. Other components of the complex (polymerase V) are encoded by umu D and umu C. The polymerase V genes are changed by nonorthologous substitutions in some cases. For instance, the Caulobacter crescentus operon consisting of imu A, imu B, and dna E2 codes for the catalytic subunit of polymerase III and is regulated by RecA [10] .
GENOMICS. TRANSCRIPTOMICS. PROTEOMICS

Taxon-Specific Regulation of the SOS Response in g -Proteobacteria
The complex enzyme formed by the products of umu D and umu C, RecA, and Ssb functions more rapidly than vegetative polymerase but makes more mistakes. In Pseudomonas putida , mutagenesis associated with polymerase IV is not related to SOSresponse induction because transcription from the promoter of din B, coding for polymerase IV, is independent of the SOS activity of the cell. A region with a mistake in the nucleotide sequence is excised during the SOS response by nuclease, a complex enzyme consisting of UvrA and UvrB. RecA, RecN, and helicase UvrD are responsible for DNA recombination repair.
DNA damage can cause cell death. The critical factor is whether the SOS system is capable of restoring the genetic material. The mechanism triggering the SOS response is active throughout the life cycle of the cell, in particular, during cell division, which can be arrested by SulA as a result of the SOS response until DNA lesions are eliminated.
LexA orthologs are found in various taxa. In Bacillus subtilis , the SOS system is regulated by DinR, an ortholog of E. coli LexA. A comparison of DinR with its homologs of proteobacteria and Gram-positive bacteria has revealed conserved regions in the C-terminal domain, which is presumably responsible for autocatalytic cleavage [1] . A helix-turn-helix (HTH) domain is also conserved in the regulatory proteins of γ -proteobacteria and Gram-positive bacteria but is insufficient for the preservation of the signal motif. Like E. coli LexA, DinR is capable of autocatalytic cleavage and represses rec A by binding to its promoter region [11] . The B. subtilis DinR-binding site (Cheo box) is palindromic; its consensus (CGAA-CATATGTTC) differs from that of the proteobacterial SOS box [12] .
Analysis of the LexA regulon in α -proteobacteria by experimental and in silico methods has implicated several new genes in the SOS response [13] . In particular, these are par E, coding for subunit B of DNA topoisomerase IV, and com M, whose product acts as a Mg 2+ chelatase and regulates the polymerase function during the SOS response. The conserved tandem repeat GTTC-N 2 -GTTC of the LexA-binding site has been found in the Rhodobacter, Sinorhizobium, Agrobacterium, Caulobacter , and Brucella genomes [14] .
The possibility to predict binding sites has been studied with several methods such as the consensus construction algorithm [15] , mathematical expectation maximization algorithm [16] , oligonucleotide frequency analysis [17] , and the Gibbs sampling algorithm [18] (Table 1) .
A consensus sequence can be used to search for regulatory motifs [19] . A nucleotide sequence in question is compared with the consensus by means of the heterology index (HI). Sequences with HI < 15 have a high probability of playing a regulatory role and binding LexA.
A three-step algorithm has been developed to search for regulatory motifs [20] . Genomic DNA is searched for sequences matching the regulatory motif. The findings are passed through a recursive filter and a consensus matrix is constructed. The motifs with HI < 8 are selected.
At the last step, the program automatically extracts the functional annotations of the potential regulon members from GenBank, using the TBLASTN server.
An algorithm has been developed to identify the interconnected metabolic modules, which represent regulons at the genome level [21] . The regulon genes are predicted and bacterial genomes analyzed using the information theory methods, programming, and Bayesian statistics. The results obtained for new bacterial genomes are deposited in RegulonDB (http://www.cifn.unam.mx/Computational_Genomics /regulondb/). Regulatory signals are sought with a consensus matrix, which is used to construct a weight matrix by the Patser program.
We have previously studied the regulon core in several γ -proteobacteria (unpublished data). The regulon is probably conserved among phylogenetically close organisms. Based on this assumption, the regulon can be studied in the genomes of organisms whose potential regulon members have not been experimentally tested for regulation as of yet.
The objective of this work was to examine the genes whose regulation is specific to the genomes of a particular taxonomic group; that is, we were aimed at studying the total LexA regulon in γ -proteobacteria. Our findings can be used to analyze the evolution of the LexA regulon. EXPERIMENTAL To analyze the γ -proteobacterial SOS response, we compared the regulation of genes belonging to the LexA regulon [22] . First, we verified the regulatory sites in the upstream regions of the genes whose LexA-dependent regulation was experimentally verified. Then, the total set of LexA-regulated genes was used to select the genes that have the regulatory sites only in the genomes of a particular phylogenetic group (i.e., the genes with taxon-specific regulation). Apart from the presence of a potential regulatory site in the upstream region, a gene was assigned to the set with taxon-specific regulation on evidence of the ratio (50%) between the minimal number of genomes where the gene does have the regulatory site and the total number of completely sequenced genomes in the group, as well as the gene function.
Potential regulatory binding sites were compared using the GenomeExplorer software program [23] .
Searching nucleotide sequences for a signal, it is expedient to consider the regions where the signal is more likely to occur. The regulatory function is usually performed by sequences of the upstream region. Hence, we searched the regions from -200 to 50 relative to the annotated gene start.
The weight of a site was computed using a position weight matrix (PWM) ( Table 2) , which was constructed with the SignalX program of the GenomeExplorer software package by the following equation:
The weight of a putative site was computed as a sum of the weights of the nucleotides in the corresponding positions:
where k is the site length. The base of the logarithm was selected so that the Z distribution had a mathematical expectation of 0 and a variance of 1 in a set of random sequences. Weight Z characterizes the significance of an individual site.
Sites with a weight of no less than 3.75 were considered. With these threshold and search parameters, 92 potential sites were found in the E. coli genome.
Multiple sequence alignments and phylogenetic trees were constructed using the ClustalX [24] and Phylip [25] software programs. The GeneMaster software program was used to plot the phylogenetic trees.
We examined 18 complete genomes of γ -proteobacteria from five subgroups: Enterobacteriales ( E. coli (ECC) [25, 26] , Salmonella typhi (STY) [28] , S. typhimurium (STM) [29] , Shigella flexneri (SFX) [30] , Yersinia enterocolitica (YEN) [31] , Y. pestis (YPE) [26] , and Photorhabdus luminescens (PLU) [32] ), Pasteurellales ( Haemophilus ducreyi (HDU) [33] , H. influenzae (HIN) [34] , and Pasteurella multocida (PMU) [35] ), Vibrionales ( Vibrio cholerae (VCH) [26] , V. parahaemolyticus (VPA) [36] , V. vulnificus (VVU) [37] , and Photobacterium profundum (PPR) [38]), Pseudomonadales (Pseudomonas aeruginosa (PAE) [26] , P. putida (PPU) [38] , and P. syringae (PST) [38]), and Alteromonadales (Shewanella oneidensis (SON) [39] ).
To search for homologs in GenBank and TCDB [40] , the BLASTP software program was used with the default parameters [41] . In addition, we used the Clusters of Orthologous Groups (COG) database [42] .
RESULTS
Regulon Core
The core of a regulon is formed by the genes that are regulated in phylogenetically distant organisms and are certainly regulated in a group of phylogeneti- The ydjM gene is a new potential member of the SOS regulon with taxon-specific regulation (Fig. 1) . The LexA-binding site in its upstream region was found in all but one (P. luminescens) organism of the group. The gene belongs to the cluster of orthologous genes coding for membrane-associated metal-dependent hydrolase (COG1988).
In six genomes, a regulatory motif was found for yccR, which codes for a DNA-transforming protein (Fig. 2) . This gene belongs to a cluster of orthologous genes coding for regulators of competent cell-specific genes (COG3070). The gene is absent from the P. luminescens genome.
In four genomes, LexA presumably regulates otsB (osmotic pressure regulator), ydjQ (nuclease subunit Tables 4-6 , the genomes are designated as in Experimental. (+), the gene has a potential regulatory site; (-), the potential regulatory site is lacking; 0, the ortholog is absent from the genome. * The genes are designated as in E. coli. of the exonuclease complex, COG0322) (Fig. 3) , sbmC (gyrase inhibitor, COG3449), and yfiK (transport protein, COG1280) (Fig. 4) .
Three genomes (E. coli, S. typhi, and S. typhimurium) have a regulatory site upstream of ygiF, coding for G/U mismatch-specific DNA glycosylase. Fig. 1 . Alignment of the ydjM upstream regions. One putative LexA-binding site is in bold and another one is underlined. Here and in Figs. 2-7 , the positions occupied by the same nucleotide in all sequences of an alignment are indicated with asterisks. Fig. 3 . Alignment of the ydjQ upstream regions. Table 4 ).
The LexA-binding sites upstream of uvrA and ssb, which have been experimentally assigned to the SOS system, are unstable. The site upstream of uvrA was found in the H. influenzae and P. multocida genomes and the site upstream of ssb was found in the H. influenzae and H. ducreyi genomes.
Potential taxon-specific regulation was assumed for mfd (potential transcription-repair coupling factor). A LexA-binding site was found upstream of mfd in two (H. influenzae and P. multocida) out of the three genomes.
The E. coli mfd gene is the closest homolog of Pasteurellales mfd with the function verified experimentally. When the template DNA strand is damaged during transcription, E. coli Mfd facilitates its repair by interacting with UvrA [43] . The upstream region of mfd lacks a potential regulatory site in the E. coli genome. Notwithstanding, the functional association of Mfd with the SOS system indicates that the LexAdependent regulation of mfd is possible at least in some genomes.
Vibrionales
Among the core genes of the LexA regulon, lexA, recN, uvrA, uvrD, ruvA, and dinP displayed the most conserved regulation in the V. cholerae, V. parahaemolyticus, V. vulnivicus, and P. profundum genomes (Table 5 ).
All genomes examined have a signal upstream of VC0081, which codes for a potential weakly specific toxin exporter and belongs to COG0697 (Fig. 5) . Since VC0081 orghologs were not found in the E. coli genome, VC0081 is a potential taxon-specific member of the SOS response.
In addition, all genomes have a potential signal upstream of VC0082, coding for recombinase (Fig. 6) . VC0082 is homologous to E. coli yigN, which is regulated by LexA. However, the distance between the potential regulatory site and the coding region is much the same in VC0081 and VC0082, suggesting that the two genes belong to a divergon. Thus, it is unclear whether VC0081 is actually regulated by LexA. The signals upstream of recG, rpoD, mutH, uvrB, and intI are conserved to a lesser extent. Potential regulatory sites upstream of these genes were found only in two genomes, V. parahaemolyticus and V. vulnificus. The V. cholerae and P. profundum orthologs of these genes lack LexA-binding sites.
Pseudomonadales and Alteromonadales
Since Pseudomonadales and Alteromonadales are phylogenetically close, their genomes were pooled in comparative genomic analysis. The P. aeruginosa, P. putida, P. syringae, and S. oneidensis genomes have regulatory signals upstream of lexA, recA, and recN, whose role in the SOS regulon is experimentally verified ( Table 6 ).
The potential regulatory site upstream of topB, which codes for DNA polymerase III, was found in three genomes (P. putida, P. syringae, and S. oneidensis). The signal is conserved to a relatively low extent, one arm of the palindrome being conserved better than the other (Fig. 7) .
DISCUSSION
In Enterobacteriales, we found six genes that are potentially regulated by LexA and have upstream signals only in the genomes of this group: yccR (DNAtransforming protein), ydjQ (nuclease subunit of the exonuclease complex), sbmC (gyrase inhibitor), ygjF (G/U mismatch-specific DNA glycosylase), otsB (osmotic pressure regulator), ydjM (membrane-associated metal-dependent hydrolase), and yfiK (transport protein).
In Pasteurellales, only one gene potentially regulated by LexA had an upstream signal only in the genomes of the group. This was mfd, whose product is involved in repair and interacts with UvrA, participating in the SOS response.
In Vibrionales, we found two genes with potential taxon-specific regulation: VC0081, which codes for a weakly specific toxin transporter, and VC0082, which codes for recombinase.
In the pooled sample of Pseudomonadales and Alteromonanales, potential taxon-specific regulation by LexA was detected for topB, coding for DNA polymerase III. This enzyme has not been implicated in SOS-response DNA repair as of yet.
Thus, genes potentially regulated by LexA and having a signal only in the genomes of one group (suggesting taxon-specific regulation) were found in all groups examined (Enterobacteriales, Pasteurellales, Vibrionales, Pseudomonadales, and Alteromonadales). This finding indicates that the evolution of the SOS system differed among the phylogenetic groups of bacteria, depending on the environmental conditions and other group-specific factors.
One of the filters used to select the potential genes of the SOS regulon was that the function of a candidate gene corresponded to the cell reactions involved in the SOS response. The genes selected with this filter are implicated in DNA synthesis, which is essential for DNA repair; xenobiotic transport; and the maintenance of homeostasis.
In some cases, the upstream LexA-binding site was rather unstable but the gene function was associated with the SOS response. Several genes had a potential upstream regulatory site only in one of the genomes examined. The LexA-dependent regulation of these genes cannot be verified by purely bioinformatics methods. Since their possible role in the SOS response deserves experimental verification, the genes are listed below.
The H. ducreyi genome has a potential regulatory signal upstream of radA, coding for a DNA repair protein, and HD0897, coding for integrase/recombinase.
The V. parahaemolyticus genome has a signal upstream of VP2379, which belongs to COG3141 (uncharacterized B-cell receptor). This cluster In V. parahaemolyticus, a putative LexA-binding site was also found upstream of VP2449, coding for a weakly specific toxin exporter. This gene belongs to COG0534. The cluster includes E. coli dinF, which is responsible for xenobiotic resistance and, on experimental evidence, is regulated by LexA and plays a role in the SOS response.
The V. vulnificus genome has regulatory sites upstream of the genes that belong to a transposon and code for transposase (VV12451, VV12456, VV12476, VV12517, VV12529, VV12539, and VV12548) and integrase (VV12401). SOS regulation is important for mobile elements because host DNA integrity is essential for their normal function. Thus, it seems logical that the genes responsible for the excision and integration of a mobile element have upstream regulatory motifs.
The P. putida genome has a signal upstream of PP4068, which codes for a transcriptional regulator of the Cro/CI family. The regulator is homologous to the phage λ CI repressor of E. coli (Fig. 4) . Since the SOS regulation of the E. coli CI repressor is well known, it is likely that P. putida PP4068 is also regulated by LexA.
In addition, the P. putida genome has a potential LexA-binding site upstream of grpE, coding for a heat shock protein. The protein is possibly involved in the SOS response when DNA damage is caused by an extreme temperature.
Interestingly, lexA is duplicated in the P. putida and P. syringae genomes. As phylogenetic analysis revealed, P. putida lexA-2 is orthologous to P. syringae lexA-2 while P. putida lexA-1 is orthologous to P. syringae lexA-1. The P. aeruginosae genome harbors only one lexA copy, which displays a higher homology to P. syringae lexA-2 and P. putida lexA-1 than to the paralogous gene pair. Putative LexA-binding sites were found upstream of P. aeruginosa lexA, P. syringae lexA-2, and P. putida lexA-1. It is possible that these genes do code for functional regulators, while their paralogs (P. putida lexA-2 and P. syringae lexA-1) have lost this function and no longer code for the SOS repressor LexA. 
